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 Ceria (CeO2) has been extensively employed as an important component of 
automotive three-way catalysts (TWC) for reducing the exhaust pollutants. 
Besides this, fuel cell processes, oxygen permeation membrane systems, deNOx 
catalysis, exhaust combustion catalysts, and catalytic wet oxidation signify the 
applicability of the CeO2-based materials. The most important characteristics for 
which CeO2 can act as a promising catalyst for these applications are elevated 
oxygen transport capacity by forming labile oxygen vacancies and the redox 
couple Ce3+/Ce4+ with the ability of ceria to shift between CeO2 and Ce2O3. 
Despite widespread applications, pure ceria is poorly thermostable and 
undergoes rapid sintering under high temperature conditions, which leads to 
loss of oxygen buffer capacity and deactivation of the catalysts. Therefore, 
several attempts to overcome the problem were made in the literature and are 
still a matter of interest. One such approach is the substitution of another metal 
or metal oxide into the ceria lattice, thereby facilitating the formation of mixed 
oxides. The combination of two metals in an oxide can lead to novel structural 
and electronic properties of the final oxide, consequently favouring its catalytic 
activity and selectivity. Particle size, phase modification, structural defects and 
chemical non-stoichiometry also influence the redox and catalytic properties of 
the ceria and its composite oxides. As a result, interest to make nanosized 
materials other than conventional ones is going on increasingly.  
 Though several supported and unsupported ceria-based mixed metal 
oxides have been investigated, the search for the second metal/metal oxide to 
improve both the stability at high temperature and the chemical activity, by 
introducing oxygen (O) vacancies in the ceria is still a topic of intensive research. 
Considering this fact, the effect of a lanthanum like Tb on the properties of Ce-
based oxide is worth studying. It is already reported in the literature that 
incorporation of terbium as promoter allows for an improvement of the redox 
performance of M/CeO2-based catalysts. Regarding oxidation-reduction, oxygen 
storage capacity and a high ability to attenuate oscillations of oxygen partial 
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pressure in the reacting environment, terbia modified ceria has been found to 
posses better catalytic properties. The enhanced capacity for storage and release 
of oxygen i.e., the oxygen mobility was proposed to be due to the presence of O 
vacancies associated with terbium incorporation to ceria lattice. The Tb takes part 
in the crystal defect generation and thereby O vacancies in ceria host by 
generating strain in the lattice.  
 The nature of support imposes a huge influence on the physicochemical and 
catalytic properties of the oxide catalysts. Unsupported oxides are susceptible to 
a fall in the surface area and a decrease in the stability during high temperature 
applications. Therefore, investigation of CeO2-TbO2 mixed oxides on various 
supports is highly essential for better catalytic evaluation. Motivated by these 
facts, preparation of various unsupported and supported CeO2-TbO2 catalysts 
[CeO2-TbO2/M (M= Al2O3, SiO2, and TiO2)] was planned for the present 
investigation. Modified aqueous coprecipitation and deposition coprecipitation 
methods have been utilised for the preparation of the aforementioned catalysts. 
To study the effect of the supports on sintering behaviour of the catalysts, 
prepared catalysts were subjected to different calcination temperatures. 
Characterization of the catalysts has been carried out using various techniques 
like thermal analysis (TG-DTA), X-ray diffraction (XRD), Raman spectroscopy 
(RS), transmission and high resolution electron microscopy (TEM-HREM), UV-
visible diffuse reflectance spectroscopy (UV-DRS), X-ray photoelectron 
spectroscopy (XPS), Ion scattering spectroscopy (ISS), temperature programmed 
reduction-oxidation (TPR-TPO), and BET surface area (SA). All the synthesized 
catalysts were evaluated for the potential oxygen storage capacity (OSC), and CO 
oxidation. Thus, the thesis primarily deals with the synthesis, characterization 
and activity of various unsupported and supported ceria-terbia oxides aiming at 
the enhancement of performance in terms of thermal stability and catalytic point 
of view. The thesis has been organized into six individual chapters.  
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  Chapter 1 comprised of a thorough literature survey on ceria and its 
composite oxides including structural, redox properties, and potential 
applications in catalysis with relevant references. A short introduction to 
catalysis in general and heterogeneous catalysis in particular is also included. 
Importance of supported ceria-based materials has been discussed at length in 
this chapter. The main objectives and the scope of the present investigation are 
also clearly outlined. 
  Chapter 2 deals with the experimental procedures and the techniques 
employed in this investigation. The details pertaining to the preparative 
methodologies employed to obtain the unsupported and supported ceria-terbia 
mixed oxides are presented with appropriate references in this chapter. The 
experimental details related to BET SA, TG-DTA, XRD, RS, UV-DRS, XPS, ISS, 
and TPR-TPO techniques are given with necessary theoretical background. The 
experimental aspects of the potential oxygen storage capacity measurements and 
CO oxidation reaction are also described in detail in this chapter. 
  Chapter 3 deals with the preparation and intensive characterization of CeO2–
TbO2 mixed oxide by various spectroscopic and non-spectroscopic techniques 
and the evaluation of the catalyst system for OSC and CO oxidation activity. The 
CeO2–TbO2 (80:20 mol % based on oxides) catalyst was prepared by an aqueous 
coprecipitation method. The sample was subjected to heat treatments from 773 to 
1073 K to have information on its thermal stability. The XRD results suggest that 
the CeO2–TbO2 sample primarily consists of nanocrystalline cubic Ce–Tb oxides 
with composition Ce0.8Tb0.2O2 over all the calcination temperatures. The samples 
are thermally quite stable and no phase segregation was observed up to the 
calcination temperature of 1073 K. The Raman measurements revealed the 
existence of cubic ceria-terbia phase and establish the generation of defects in the 
lattice leading to the formation of oxygen vacancies. The XPS line shapes and the 
corresponding binding energies indicated that the Ce and Tb are present in both 
3+ and 4+ oxidation states, the latter being predominant. Ar-ISS measurements 
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indicated no surface enrichment of ceria on the surface of the mixed oxide. It 
could be confirmed from the plot of intensity ratio of Tb/Ce versus number of 
scans, which gave a parallel pattern. The TEM-HREM results confirmed that the 
Ce-Tb-oxide nanocrystals have average particle dimension of ~5-6 nm when 
treated at 773 K, and there was a nominal increase in the particle size upon 
subjecting the catalyst system to 1073 K. The experimental images revealed that 
the Ce-Tb-oxides are mainly in the cubic geometry. The UV-vis DRS 
measurements confer information about Ce4+ ← O2− and Ce3+ ← O2− charge 
transfer transitions. The redox nature of the system was studied with the help of 
TPR-TPO measurements. The reduction temperature of the Ce-Tb-oxide was 
observed to be lower than that of the pure ceria and exhibited better redox 
properties even after severe heat treatment. The OSC of the resultant solid 
solution, measured by a thermogravimetric method, is found to be quite high 
thereby leading to remarkable CO oxidation activity (100% conversion at 773 K). 
The results are correlated well with the structural characterization data. All the 
results pertaining to CeO2–TbO2 catalysts are compiled in this chapter.  
   Chapter 4 deals with structural and redox characteristics of CeO2–
TbO2/Al2O3 samples and their evaluation for OSC and CO oxidation activity. 
The CeO2–TbO2/Al2O3 composite oxide (80:20:100 mol % based on oxides) was 
obtained by a deposition coprecipitation method. The addition of alumina 
resulted into remarkable stabilization of CexTb1–xO2 nano-crystals against 
thermal sintering at higher temperatures. Alumina remains as an inert carrier 
and does not form any unfavorable inert compounds with ceria or terbia.  The 
XRD analysis of the sample calcined at 773 K revealed the presence of a cubic 
phase with the composition Ce0.8Tb0.2O2. There is no evidence for phase 
segregation up to the calcination temperature of 1073 K. The presence of oxygen 
vacancies leading to the defective structure formation is revealed by Raman 
spectroscopic analysis. Both Ce and Tb are present in 3+ and 4+ oxidation states, 
as revealed by the XPS measurements. The predominance of 4+ states in both the 
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cases is disclosed. Very interestingly, Ar-ISS measurement indicated surface 
enrichment of ceria on the surface of the mixed oxide. This may lead to enhanced 
catalytic activity of the catalyst system. The TEM-HREM results ascertained the 
formation of nanometer sized mixed oxides of Ce-Tb. The grain size does not 
increase above 10 nm upon increasing the calcination temperature from 773 to 
1073 K. The UV-vis DRS measurements disclose information about the lowering 
of symmetry and consequent strain development at the cerium sites. The TPR-
TPO analyses shows that the reduction temperature of the system is substantially 
low and even after severe heat treatment its redox property remains intact. The 
OSC as well as the CO oxidation activity of the resultant system is found to be 
quite remarkable. More details pertaining to this interesting catalytic system are 
presented in this chapter. 
  Chapter 5 deals with the preparation and physicochemical characterization 
of CeO2–TbO2/SiO2 catalysts by various spectroscopic and non-spectroscopic 
techniques and their evaluation for OSC and CO oxidation activity. The CeO2–
TbO2/SiO2 (80:20:100 mol % based on oxides) was obtained by an aqueous 
deposition coprecipitation method.  These samples were subjected to various 
thermal treatments. The addition of silica remarkably enhances the surface area 
of the final catalyst. The XRD results suggest that the CeO2–TbO2/SiO2 sample 
primarily consists of nanocrystalline cubic Ce–Tb oxides with composition 
Ce0.8Tb0.2O2 over the amorphous SiO2 surface at all the calcination temperatures 
investigated. However, the peak widths of the nanosized materials are so large 
that it is not easy to draw an exact statement whether small amounts of 
segregated phases are present or not. The Raman measurements also revealed 
the existence of cubic ceria-terbia phase and indicated the formation of oxygen 
vacancies as a result of lattice defects formation. The XPS patterns indicated that 
the Ce and Tb are present in both 3+ and 4+ oxidation states. However, 
stabilization of Ce(III) was observed at higher calcination temperatures. The 
TEM-HREM results pertaining to CeO2–TbO2/SiO2 indicated well-dispersed Ce–
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Tb oxide nanocrystals (~3 nm) over the surface of amorphous SiO2 matrix when 
treated at 773 K, and there was no apparent increase in the crystallite size upon 
subjecting to 1073 K. The experimental images revealed that the Ce–Tb- oxides 
are mainly in the cubic geometry and exhibit high thermal stability. The UV-vis 
DRS measurements disclose information about Ce4+ ← O2− and Ce3+ ← O2− 
charge transfer transitions. The TPR-TPO analyses indicated the interesting 
redox property of the catalyst system. The OSC as well as the CO oxidation 
activity of the resultant system is found to be quite remarkable. All the results in 
details pertaining to this catalyst system are compiled in this chapter.  
  Chapter 6 deals with the preparation, structural evolution and catalytic 
activity (OSC and CO oxidation) of CeO2–TbO2/TiO2 samples. The CeO2–
TbO2/TiO2 composite oxide (80:20:100 mol % based on oxides) was obtained by a 
deposition coprecipitation method. The addition of titania resulted into 
enhancement of surface area of the final catalyst. In this case, the XRD results 
suggest that the mixed oxide calcined at 773 K primarily consists of poorly 
crystalline mixed oxides of Ce-Tb and TiO2-anatase phase and a better 
crystallization of these oxides occur with increasing calcination temperature. At 
high temperatures, however, titania does not remain as an inert carrier and form 
unfavorable compounds with ceria or terbia.  The exact composition of the newly 
formed compound(s), however, could not be confirmed by XRD and Raman 
measurements. The XPS measurements indicated that the Ce and Tb are present 
in both 3+ and 4+ oxidation states, the latter being predominant. The HREM 
results ascertained the formation of nanometer sized mixed oxides of Ce-Tb, 
whose grain size does not increase above 11 nm upon increasing the calcination 
temperature from 773 to 1073 K. Information about the lowering of symmetry 
and consequent strain development at the cerium sites could be obtained from 
the UV-vis DRS measurements. The TPR-TPO analyses show the high 
reducibility of the system and even after severe heat treatment the redox 
property remains intact. The OSC as well as the CO oxidation activity of the 
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resultant system is found to be quite remarkable. More details pertaining to this 
interesting catalytic system are presented in this chapter. 
 The satisfactory outcome of the thesis work eventually leads us to the 
consensus that using soft chemical routes nanometer sized ceria-terbia and 
different supported ceria-terbia mixed oxide solid solutions could be successfully 
synthesized. Physicochemical characterization of all the catalyst formulations 
showed that the systems are thermally quite stable, and possess very high 
surface area. Remarkable redox property was disclosed by the catalysts even 
after severe heat treatment. The oxygen storage capacity of all the systems is 
substantially high, alumina supported ceria-terbia system being the best one. 
Accordingly, all combinations have shown potential catalytic activity for CO 
oxidation. In terms of conversion as well as light-off temperature (50% 
conversion), all the investigated combinations could be promising catalysts for 
use in modern TWC formulations.  
 
 
 
